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TECHNICAL NOTE NO. 958 

TORSION TEST TO FAILURE OF A MONOCOQUE BOX 

By A, E, McPherson, D, Goldenberg, and 0. Zibritosky ? 

SUMMARY 

The torsion test to failure is described for a monocoque 
box of 249-T aluminum alloy, The box had a rectangular socticn 
and was reinforced by Z-stringers, antirolls, bulkheads, and 
corner posts. The twist and strains in the stringers, sheet, 
corner posts, and bulkheads were measured for loads practically 
up to failure. Failure occurred by tearing of the cover sheet 
subsequent to failure of rivsts joining antfrolls to corner 
posts. 

The buckling loads of the cover sheets' and of the shear 
webs agreed width the computed values, The measured twists --- 
agreed within 6X 1We radian per inch with those computed 
from a theory which treats the box as an assembly of four 
beams with wide webs, joined at the extreme fibers; the ef- 
fect of buckling is taken into account in the theory by trcat- 
ing the web as a diagonal tension field following Wagner czd 
Langhaar. The measured stresses in the shoet were scmewhnt 
smaller than those indicated by the theory, 

The theory indicates the prceence of excessive shearing 
stress before failure in the rivets joining the antirolls to 
the corner posts. .> 

INTRODUCTION 

This report describes the last One Of a series of 3-i. 
peri'mental stud%es of a monocoa_ua box baam of representative 

. desfgn. Previous reports (references 1, 2, and 3) give strains, 
buckling loads, and deformations in the elastic range for three 
types of loading, compression (reference l), cantilever bending 

m and pure bending (reference 2), and torsion (rofercnce 3). In 
-, 
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each case the measured strains and deformations were compared 
with theoretical values. The compression test and beading 
test showed Bubstantfal agreement with the predictions Of 
classical theory, The torsion test showed large deviations 
from the classical (Saint-Penant) theory, It was decided to 
test the box to failure in torsion, in order to follow those 
deviations further, beyond the elastic range, 

This investigation, conducted at the National Bureau of 
Standards, was sponsored by, and conducted with financial 
assistan'ce from, the National Advisory Committee for Aoronrtu- 
tics. 

SPECIKEN 

.k 

-1 

. 

. 

The dimensions of the monocoqus box specimen are give3 
in figure 1. The box was fabricated from 24.S-T aluminum 
alloy; 0.07%inch sheet was used for the shear web B~~CB, nad 
0,026-inch sheet reinforced by &stringers, spaced 4 inches 
on centers, was Used for the top and the bottom sides Of tho 
box. The stringers wera fastened to the sheet by l/S-inch 
brazier-head rivets, spaced ?/8. inch on cOnters, Transverse 
reinforcement was provided by four intermediate bulkheads and 
antiroll members, spaced at 19 inches. 

Particular care was taken in reinforcing the ends Of the 
box to avoid stress concentration, The reinforcements, con- 
sisting of steel angles and plates, are shown in figures 1, 
2, and 3, Figure 3 also BhOwS the construction of the bulk- 
heads. 

Tensile and compressive stress-strain curves of material 
from the ccrner posts, the stringers, and the sheet used ir. 
the monocoque box are given in reference 1. Values of Youngts 
modulus and of yield strength (0,002-offset) obtafned frOL1 the 
stress-strain curves are listed in table I, 

TXST PB0CEDUF.E 

The specimen was mounted on a heavy steel I-b8am G 
(figs. 4 8,nd 5). The north end (fig, 4) was held fixed by 
bolting it to the I-beam, The south end (fig. 5) was nountod 
free to rotate about a knife, edge G at the center of gravity 
of the section, A torque about G was applied by pulling to- 
gether the lateral extension I fastened to the south err& of 
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the specimen and the lateral extension M fastened to the 
S-beam C. The lateral extensions I and b! were brought to- 
gether by connecting them with a tensile linkage NKL which 
could be tightened by drawing up On the nut L. The torque 
was computed from the R8aSUr8d moment arm GN and the force 
in the linkage measured with the proving ring K, taking due 
account of the angle between ON and NL. 

The twist between adjacent bulkheads was measured, as 
in reference 3, by the change in angle between two reflecting 
surfaces. The twist gages are indicated as 0 in figures 4, 
5, and 6. The gage length was about 19 inches. The least' 
count WaB about 0.5 X 10e6 radian per inch. 

The strains in the specimen were measured with Tuckern.zr 
optical strain gages {used alone or with suitable adapters as 
described in reference l} and with Baldwin Southwark type R-l 
wire strain gage rosettes. The Change in resistance of the 
wire strain gages was determIned on a Yheatstone bridge having 
a strain sensitivity of IO-=, The switches used in connect- 
ing different gages to the bridge were selected to have a low 
and constant contact resistance, The resistance-measuring 
apparatus is shown at P in figure 6, and one of the wire strain 
gage rosettes is shown at Q. One pair of rosettes was attached 
to the cover sheet, one pair to the shear web, and three pairs 
to the bulkheads, 

The buckling loads of the sheet were determined by frequent 
visual inspection and also by the rapid divergence of the Btrain 
readings 0.n the two sides of the sheet after,buckling, 

A correction of the readings of the Tuckerman gages for 
the effect of temperature variations was obtained from a 
control gage R (fig, 4) mounted on a small piece of aluminum 
alloy near the specimen, Temperature compensation in the case 
of the wire strain gages was obtained by having a wire strain 
gage S (fig. 6) in the balancing arm of the Whoatstone bridge, 

RESULTS 

The measured twists between bulkheads are shown in figure 
7. The twist was measured on the diagonally Opposite lower 
east and upper west corner posts, The twists on the lower 8ast 
and upper west corner posts were nearly the same, The measured 
tkPist between bulkheads 1 and 2 and between bulkheads 3 snd. 4 

.----- 
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was somewhat greater than the measured twist at the center 
of the box between bulkheads 2 and 3. The measured twist 
at the ends of the box was smaller than the other measured 
twists. 

For moments greater than about 100,000 pound-inches tho 
moment-twist curves of figure 7 show a decrease in slope. 
The average slope of the moment twist curves between bulkhszds 
1 and 4 dropped from 540x 10' pound-inches per radian per inch 
before buckling to 370X 10 pound-inches Per radian per inch 
after buckling, ThJs represent8 a loss in stiffness of about 
32 percent. 

The apparent difference in twist of the N and S ends of 
the box after buckling, as shdwn in figure 7, is probably 
due to the dffferenoe in location of the measuring gages 
rather than to any actual difference in behavior at the two 
ends. The gages at the S end were located in a corner toward 
which the diagonal-tension buckles pointed, while the gages 
at the N end were located in the other corners. This would 
indicate that near the ends of the box the diagonal tension 
buckles cause some parts of the cross-section to twist more 
than others, This effect is-most marked when comparing the 
N-l and &S locations, and, to a lesser extent, it is true 
in comparing the 1-2 and 3-4 locations. 

The bulkheads resist warping of the box by applying --- 
shearing forces, These 8hearing forces may be expected to 
be a maximum near the ends where the resistance to warping 
is greatest. The measured strains on end bulkhead 1 arc 
shown in figures 8 and 9, These strains are converted to 
median fiber strains in figure 10, Figure 10 indicates 
warping of the bulkhead such that the distance decreased 
between the top west corner post and the bottom east cornor 
post. 

The strain in the top east corner of bulkhead 2 is shoprn 
in figure 11, The bending and median fiber strains at this 
location were small, 

The strain in the top cover sheet between bulkheads 11 
and 2 is shown in figure 12. The difference in strain on the 
two faces of the top cover sheet was small up to a twisting 
moment of about 60,000 pound-inches, Above this moment the 
difference was large especially for gage line 1 which was 
perpendicular to the direction of the diagonal tension buckles. - 

The strains given in figure 12 were used to coiiipute the 
maximum and minimum median fiber stresses and their directions. 

-.- ;-- .--.- - -. 
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c n The results of the computation using 8 Youngfs modulus Of 

10,6 XlOe psi 8nd 8 Poissonts ratio of 0.32 are given in 
figure 13, The minimum stress increased with increasing 
load to 8 maximum value of about 5200 psi in compression 
at a torque of 110,000 pound-inches, At larger torques tha 
stress decreased slowly until at 287,000 pound-inches it had 
a magnitude of only 2200 psi in compression, The maximum 
stress increased continuously with the applied moment. The 
rate of increase became more rapid after the sheet buckled. 
The angle Q. at which the maximum stress acted was 45' 
(corresponding to simple shear) at Blow loads. After buck- 
ling of the sheet a 
a = 33.5’Ot. 

decreased untel at 287,000 pound-inches 
The angle of one of the permanent disgonal te2- 

sion buckles left in the box after the maximum load.of 385,OCO 
pound-inches was 29O. No computation of stress from the strain 
data was made for tdrques higher than 287,000 poundvinches 
since for greater torques the material was no longer elastic 
and the usual method of analyzing rosettes did not apply. 

b 

a 

The strain in the east shear web between buLkheads 2 
and 3 is shown in figure 14, The difference in strain on 
the two faces of the shear web was small up to a twisting 
moment of about 250,000 pound-inches, Above. this the dif- 
ference was large especially for gage line 1 which was per- 
pendicular to the direction of the disgonal tension buckles. 

Pigure I.5 shews maximum and minimum-median fiber stzosses 
and their direction as .computed from figure 14 with a Youngfs 
modulus of 10.6 X106 psi and a Poisson's ratio of 0.32, up to 
the twisting moment of 250,000 pound-inches corresponding to 
buckling of the shear web, the minimum stress increased to 
'8bout 8900 psi in compression, At larger LOadS, the stress 
decreased slowly until at the maximum moment of 385,000 pourd- 
inches it was 5500 psi in compression. The maximum stress 
increased continuously with the applied moment, The rate of 
increase became more rapid after the Sht38r web buckled, The 
angle u of the maximum stress with respect to the cornar 
post varied from 48' 
45O 

to 51' during the test as compared to 
for pure shear, 

Strains were measured on the middle stringers and on the 
corner posts using Tuckerman strain gages with suitable adapt- 
ers. The results are plotted in figure .16, At a torque T = 
360,000 pound-inches, the largest of these strains ~8s only 
0.00078 COrre8pOnding to a stress of about 8000 psi. 

. The buckles in the east shear web after failure of the 
monocoque box are shown fn ffgure 17. There was one buckle 
between each buLkhead and shear web -stiffener, 
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The buckles in the top cover sheet at failure are shown 
in figure 18, Buckling between both stringers and rivets 
was present. The buckles between rivets were especially 
marked where the bulkheads join the corner posts, Failure 
of a rivet at A and tearing of the sheet at B are shown in 

greater detail in figure 19, 

Inspection of the box after failure showed that at many 
places the rivets joining the corner posts to the antirolls 
and bulkheads were sheared in two. The rivets joining the 
corner posts to the antiralla over bulkheads 2 and 3 on the 
top of the box were all sheared off before failure of the box. 
A close-up of the west end of the aatiroll over bulkhead 2 
Ls shown in figure 20, The corner post is shown to have moved 
sufficiently to displace permanently the bottom of the rivets 
about 0.1 inch past the top of tha rivetg. 

The failure of the box was ascribed to a sequence of 
eTents somewhat as follows; With the development of the 
diagonal tension field the corner posts were drawn together, 
thereby putting increasing.loads on the rivets connactiLg 
antirolls and bulkheads to corner posts. These loads led to 
the observed shearineoff of rivets from antirolls and bulk- 
heads. The compressive force on the bulkheads after failure 
of the rivets had to be oarried to the bulkhead through the 
thin cover sheet, This led to the severe buckling of tho 
cover sheet at the points where the bulkheads join the corner 
posts. 

The corner posts and the stringers were bent toward the 
center stringer by the diagonal tens.ion of the ccver sheet, 
as though they were beams supported at the bulkheads and anti- 
rolls and loaded in the plane of the beet by the diagonal ten- 
sion, The permanent set in this bending after faflure me&sUTed 
midway between bulkheads with respect to the bulkheads, aver- 
aged 0.08 inch for the corner posts, 0.06 inch for the strin- 
gers next to the corner posts, and 0.03 inch for the stringers 
next to the middle stringer, 

After failure the end plates of the monocoque box were 
removed to inspect the bulkheads, Bulkhead 1 near the north 
end Of the box is shown in figure 21 and the bulkhead 4 near 
the south end of the box is shown in figure 22, Bulkhead 1 
showed no sfgn of damage after failure; bulkhead 4 showed a 
permanent buckle in the top west corner near A, 
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rrt’; ANALYSIS 

An analysis of the twisting of the monocoque box before 
buckling is given in reference 3. The analysis is based on 
the assumption that the box behaves as an assembly of four 
beams with deep, thin webs (cover plates and shear webs) 
which are joined at the edges and to which transverse forces 
are applied at the bulkheads, The results of the analysi's 
together with the results of computations based on Bredtts 
formula (reference 4) are plotted in figure 7 for comparison 
with the measured twist between bulkheads below the buckling 
torque cf 58,000 inch-pounds. As was the case in the tests 
of reference 3, Bredtfs formula is not in as good agreement 
with the data for loads less than the buckling loads as the 
analysis of reference 3, which includes the stiffening effect 
of corner posts and buckles, 

Buckling reduced't.he stiffness of the box as shown in 
figure 7. An extensive literature has grown up around the 
problem of determining the effect of buckling on shearing 
stiffness and strength, Some of this work is described in 
references 5 tQ 12, 

b Wagner (reference 5) introduced the concept.of a l'tension 
field.11 He postulated that the additional shear load carried 

--* c by a thin sheet web after buckling is chiefly carried by ten-. 
sion in the direction of the sheet buckles. Wagnerts concept 
of a tension field has been applied to a variety of structures 
by Kuhn (reperence 61, Lahde and 
Wagner (reference 8), 

Heck and Abner (reference '1) 
Schapitz (reference 9), LiPP ( reference 

101, and Langhaar (reference ll), Kromm and Warguerre (refer- 
ence 12) give an analysis based on an energy method of the 
behavior of plates subjected to shear beyond the buckling 
limit. This analysis gives information about the shape and 
the intensity of the buckle pattern which cannot be obtained 
from Wagnerts simple assumption of a tension field. It does 
not necessarily follow, however, that the analysis gives 
better values of the failing load, the bending stresses in 
the flanges, or the compressive stress in the- struts. For 
these, the assumptions by Kromm and Marguerre regarding the 
buckle shape and the edge conditions may be no better than 
Wagnerts assumption of a tension field, 

. 
Wagner's tension field theory was used in analyzing the 

I present box because of its adaptability and simplicity. The 
. effective area resisting shear was determined from Wagner's 

theory as shown in the following and was inserted in the theory 
Of rer"crence 3 to give, the stress distribution in the box. 
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WAGNER'S DIAGONAL TENSION FIELD THEORY APPLIED 

3 

TO MONOCOQUE BOX 

The presentation of "diagonal tensions theory given 
here follows that of Langhaar (reference 11) with the fol- 
lowing exceptions. It includes the effects of longitudinal 
stiffeners and of Poissonts ratio and it develops an oxprss- 
sion for the effective area of a buckled side of the box. 
The notation follows that of reference 3 wherever possible. 

The basic assumption of the diagonal tension theory 
fs that after buckling the principal stresses at the modian 
surface of the sheet consist of a tension 0 in the direc- 
tion of the buckles and a compression the magnitude of which 
is the same as Tcr and the direction of which is perpendic- 
ular to the buckles, 

Figure 23(a) indicates the direction of the stresses 
acting on a portion of the side of the box, after buckling 
of the sheet, Figure 23(b) shows a small triangular wedge 
of the buckled side of the box and the stresses acting on 
the edges of the wedge, The equilibrium of forces on this 
wedge in the x-direction gives 

*X = t7 cos' a - Tar sin2 a (1) 

The equrlibrium of forces in the y-dfrection gives 

7 xy = (a + -‘- cr) sin cc co6 a 

The equilibrium of forces in the x-direction on the wedge 
in figure 23(c) also gives equation (2). Equilibrium of 
forces in the y-direction, however, gives 

uY = u sin' a- Tcr cos' a 

Solving equation (2) for 0 giv'es 

T 
u =.W XY 

Tcr. + sin a co8 a (4) 
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-1 
.3 

3- Substituting equatfon (4) into equations (1) and (3) gives 

cry = Txy tan a - Tcr , (6) 

It ‘is now necessary to determine the angle of fnclinaP 
tion a of the buckle, First, determine the strain along 
a line joinfng points on the two corner posts and makrng an 
angle B wfth the x-axis, Thz original length of this lii&e 

iS 
2a 

sin 8' 
where 2a is the depth of the web joining the 

corner posts. 
. 

After loading, the y component of the distance between 
the two points is 

2a +.Y (2a cot 9) - '6y (7) 

where Y is the angle through which the side shears and 
% is the average contraction of the box in the y-direction. 
due to the tension uy. The x component of the distance 
between the two points is 

2a cot @ - 6X cot $ (8) . _ -L -. 

is tho contraction of a length 2a of the box in ." . . .._...__.. ,-- - -. --- 
the x-direction due to'-Xhe--te%sion uX. The strain along a 
line at an angle 8 with the x-axfs is therefore 

J- 
----------,---_-~-7--551L- 

% 
(2a+2a Y cot B--y) + (Za-6,) a 

=- cota kEL& (9) 
2’it - 

Since 6Trr 6,, and 2aY are much smaller thart 2a, the 
radical Lfn equation (9) may be'oipanded and terms involving 
6 a x 9 Q2 a (2Ei Y)“, and higher powers taken as xcro. 
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Doing this gives 

sin $ B 
sina B cos a B 

9 = Y cos 3 6y - T 2a 6, 2a (10) 

The angle Bmax corresponding to maximum es is given by 

setting dEg/d@ = 0, This gives 

ta=2 8,nax = 2a Y 

=y- 6x 

:* 
( 11) 

The-angle Bmax for maximum strain E8 is the same as the 

angle a for maximum stress 0 or ' 

2a Y tan 2a =.-- 
+ 8x 

(12) 

& . 
The term 6y is the average amount by which the flanges 

c approach each other, Let .d be.the distance between trans- 
verse stiffeners and let' By be their area, The stiffeners 
shorten an amount 

6Y’ = 2adt oy/EAy (13) 

where t is the sheet thickness. In addition, the corner 
posts bend in the plane cf the sheet. If the corner post has 
a moment of inertia J and if the str.ess cy is considered 
to apply a uniform load oy t to tha corner post, the average 
sag of each corner post is 

2 6y" d4t uy =- 
2 720EJ. 

. 
From equations (13) ad (14) 

6Y 
2adtay 

=6y'"6y"= 
d4t cz 

IAy. + m-j$-J 

(14) 

, 

(15) 
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If a dimensionless constant is defined as 

% 1 (X) 

thereis obtained for the average contraction in the y-direction 

6Y 
2ez 

E =Y 
, 

(17) 

The term 6 is the contraction of a length 2a of the 
box in the x-dirEction. If A, is the longitudinal stiffening 
area per web 

sX 
= za 2at bg I (18) 

*AX 

Defining a dimensionless constant 

(19) 

gives for the average contraction in the x;.diroction, 

6, = 2a hx ox 

E 
(20) 

Substituting (17) and (20) in (12) gives 

YE 
tan 2a = -- (21) 

hY 5 - hx ox 

From equation(10) the principal strain E when @=a is 

E. = 
sina'a- 6 cos' a Y sin CL cog a,- 6y - l X (22) 

2a 2a 
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Since the dingonal tension B and the transverse compression 
TC, are the principal stresses the strain B is also given 

by 

E: Tcr 
=z+--- E (23) 

Combining equations (22) and (23) and substituting for 6y 
and 6, the values gives in equations (17) and (20) 

9 + p 7cr = Y 'E sin a cos a - hy vy sin" a- A, ox COS’ a 

t 24) 

If a ratio r is definad so that 

r = %r/Txy (25) 

the results obtained from equations (4), (5). and (6) are 

u 1 -=-r+.- 
7 XY sin a cos u 

QX - = cot u- r 
TxY 

(26) 

(27) 

=9. - = tan a- r (28) 
TxY 

* 

Substituting equations (25) to (28) into equations (21) and 
(24) gives 

-rf 1 E --+pr=Y - 
sina cosa 7 

sinacosa- hy sin2a(tana-r) 
XY . 

- A, ~09~ a (cota-r) (29) 
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L’ 
. 

YE - = Xy tan2a (tan a - r)-Lx tan2a (cot a - r) 
7 

(30) 

XY 

Eliminating YE/T,~ between equations (29) and (30) and 
solving the resultant ,equations for r gives 

r= 
4- hytanaa tan2a sin2a+ bxc0taatan2a sfn 2a -B-s - 

2( I-p)sin2a- 
- (31) 

hytanatan2asin2u+ hxc0tatan2asi32a 

Equation (31) may also be written 

r= r-ac,(z- &+(6-4clc&- a)a 

L 
-I- 

L 
- +A+ 8% Ca 3 ‘] c - a)’ + . . . (32) 

‘ where a is measured in radians 

Cl = by + A, + 2 + w/ 09 - Ax) 

c2 = by + A, + 2 - 2p)./ hy 4 A,) 

c3 = hy - A, ( 33a) 

Equation (30) for the angle through which the side of the box 
shears may be written 

YE 
-= -- 1 

2(lW Txy 
lyp (I- Clca) 6 - a.) 

- 2-- ;:"; (l- c,c,) c - a), + , l l (33) 
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A factor Ic for the increase in shear deformation due to 
buckling will be defined so that the effective area resisting 
shear after buckling is (2at)/K 

Then 

2at E Y 2(1+1.L) Tcr 
-ii- 2(1+y) - - E - 1 I 2at (Txy - TCr) ( Z-3) 

Substituting in equation (34) the value of Y from equztfon 
(33), the value of ?xy from equation (25), and the value 
of r from equation (32), and solving for K gives 

Cl- 
Ic:=- 

2(;~p)(1-c,c,) + -2 CICz- 3-:l~bC1"2)](g- a> ( r5) 
I- .?, 

Cl + (2 ClC& - 3) 3 L ry., 
c ) 4 

COMPARISON BETWEEN THEORY AND EXPERIMENT 

The theoretical behavior of the box after buckling was 
computed'from the theory of reference 3 after changing the 
shear constant k of that reference to kX to take account 
of buckling of the sheet in diagonal tension in accordance 
with the theory of the preceding section, 

The load factor r and the shear deformation factor Ii 
were computed from equations (32) and (35), respectively, 
using the-angle a, as a parameter, Values of load and shear 
deformation computed for the same value of a map then bo 
plotted against each other. Before computing r as a func- 
tion of a, from equation (32) and K as a function of -CT 
from equc,tion (35) it was necessnry t0 compute Cl 9 CL?* nnd 
cs from equation.(32a) and hy and h, *from equations (16) 
and (19). The 0,026-inch cover sheets buckle first. If they 
are denoted by the subscript t and the shear webs by the 
subscript h, as was done in reference 3, 
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. 

dt = bulkhead spacing = $ = 19 inches 

tt = sheet thickness = 0.026 inch 

at = half..width of cover sheet = 12 inches 

5 = moment of inertia of corner posts resisting 
bending in plane of sheet = 0.17 inch4 

AYt zstransvorse stiffening area = 0.42 inch2 

A xt = longitudinal stiffening area = 3.68, inches2 

P = Poisson*s rat10 = 0.32 

Jt 9 Ayt * aad Axt were approximated as follows: 

15 

i (:q) 

i 
I 
i /j 

c 

c 

Jt as the moment of inertfn of a corner post and 2 inchas of 
shear web for bending fn the plano of the cover sheet: Ayt 
as the area cf the antiroll and that part of the bulkhead 
which fs outside of the lightening hole-s; and Axt' RS tho 
area of two uorner posts, one shear web, and five stringers. 

Substituting these values into equations (16) and (19) 
gives 

hYt = 3.48, hxt = 0.17 (37j 
. . 

and substituting these valuas into equation (32a) gives with 

CL = 0.32 

Clt = 1.900, C2t = 1.514, Cst = 3.31 (38) 

Substituting equation (38) into equation (35) gives 

Kt 
1+2.32(; - u) 

= 2.24 - 

1+1.44(1 - a) 

(39) 

A range of values of a from s to 0,628 radian 
(Le., 45O to 36') gives ('see equation (31)) a range Of values 
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. of r = ?cr/7,y from 1 to 0.0801 and gives (see eq, 39) a 
range of values of Kt from 2.24 to 2.49, An intermediate 
value of 

=t = 2.38 (40) 

corresponding to r = 0.648 and a = 0.706 radian will be 
used in the equations of reference 3 to correct for the loss 
of shear strength in the cover sheets after buckling. 

The value of ktKt was used in the equations of refor- 
bnce 3 in plaae of kt. The values of force and twist were 
then determined from those equations, Using the symbol A 
to indicate the increase in a quantity aftar buckling of the 
ccwer sheet gives: 

AT = -increase in torque applied to box after 
buckling 

AFt = 0.0128 AT pound = increase in shear force 
applied to cover sheet at ends of box 
after buckling, 

AFh = 0.0364 AT pound = increase in shear force 
applied to shear web at ends of box after 
buckling y 

APat = 0.0125 AT pound = i.ncy,ease in shear force 
applied to cover sheet at first bulkhead 
from ends after buckling 

(41) 
Ap,h = -0.0052 AT pound = increase in shear force I 

applied to shear web at first bufkhead 
from ends after buckling 

AP,t = 0.0037 AT pound = increase in shear force 
applied to cover sheet at second bulkhead 
from ends after buckling 

AP,h = -0.0015 AT-pound = increase in shear force 
app1ie.d to shear web at second bulkhead 
from ends after buckling 

10' AQ, = 0.00294 AT radian per inch = twist between 
center two bulkheads 

10" he, = 0,00260 AT radian per inch = twist between 
the adjoining bulkheads 

/ 
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. 
Ho value was determined for the twist of the bqx in the 

end bays since the diagonal tension buckles extel;d over a 
shorter length of sheet in the end bays than in the central 
bay*. It did not seem worthwhile to oxtend Wagnerts theory 
to take account of this because of the uncertainty regarding 
the rigidity of the end connections, The values of twist 
given by equation (41) are plotted in figure 7 for torques 
between 58,000 fnch-pounds corresponding to *buckling of the 
cover sheet as a plate with clamped edges with Tcr = 3790 
psi (see P. 22 of reference 3), and 239,000 incbpounds corre- 
sponding to buckling of the shear web sides of the box as 
plates with simply supported edges, The buckling of the shear 
web s5do.s at a torque of 239,000 tnch-pounds was computed from 
the present theory and from reference 13, The shear web con- 
sists of' rectangular panels 9,5 inches long, 6.62 inches wide, 
and 0.075 inch thick, With E = ‘10.6 X IO6 Psi, referonce 13 
(fig. 191) gives for the buckling stress, 

7 
cr 

= 9100 psi l (42) 
. 

From page 20 of reference 3 the stress in the shear web 
P before buckling of the cover sheet is 0,0329T. The torque 

which just buckles the cover plate fs 58,000 inch-pounds. 
The stress in the shear web when the cover sheet buckles is . therefore 

7’ = 0.0329~58,000) F 1910 psi (43) 

From page 20 of reference 3; the increase in str‘ess AT 'is 

Gubstituting ah = 5 inch, h = 0,075 inch, and the values of 

AFh, APJ, Bs and Ap& given in equation (41) gives 

v AT= 0.0396 AT psi (45) 

. Combining equations (42)‘ (43), 
increase in, torque AT,, 

and (45) and solving for the 
necessary to raise the shear stress 

~8 + A7 to 'cr gives, 
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ATcr = 161,000 inch-pounds 1 (46) 
T cr = 58,000 + AT,, = 239,000 inch-pounds J 

After buckling of the shear web, a diagonal tension 
field is present in both the cover sheet and the shear web. 
For the shear web denoted by the subsc'ript h, 

dh = -stiffener spacing = 9.5 inches 

th = sheet thickness = 0,075 inch 

-, 

5 

. 

&Ii = half width of 0,075 inch sheet ( 

= 3,312 inches for diagonal tension theory 

&h = half width of side = 6 inches for theory of 
referenoe 3. 1 

(47) 

Jh = moment of inertia of corner posts resisting 
bending in plane of shear web= 0.60 inch4 

Ayh = transverse stfff.ening area = 0,145 inchs 

Axh = longitudinal stiffening area =1.26 inchess 

P = 0.32 
i 

Substituting these values into equatrons (16) and (19) 
gives . 

I 

A z-h = 5.35, 'xh = 0.39 (48) 

and substituting these values into equation (52a) gives with 

P = 0.32 

Clll = 1.69, Caii = 1.43, c31i = 4.96 (4%) 
. 

. Substituting equation (49) into equation (35) gives 

'h 
1+2.2oe- a) 

= 2.54 

1+ 1.09(2'- a) 

(50) 
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A range of values of CL from 2 to 0,698 radian (i.e., 45' 

to 40°) gives a range of values Of Kh from 2.54 to 2.77. 
This range of values is 60 small that the intermodfate vnl~'-c 

=h = 2.6 

will be used in the equation of reference 3, 

(51) 

The action of the unbuckled shear web is approxinatci 
On page 18 of reference 3 by taking kh = 1.845. The action 
after buckling will be approximated by taking 

kh = 1.846 Kh 

Theoretically there should be a decroasu in effective 
area of the cover sheet (that is, a decrease in Kt (oqua- 
tion (40)) after buckling of the shear web, since part of 
the longitudinal stiffening area is then used by the shear 
web. This decrease in Kt will be neglected because Ht 
is relatively unaffected by reduction in the longftudinal 
stiffening of the cover sheet. 

The values of force and of twfst es determined from the 
equations in reference 3, after replacing kt, kh by k&e 
khKh, are given belcw in tho notation of equation(41); the 
symbol AA fs used to indicate the increase as a quantity 
after buckling of the she&r web sides of the box, 

? 
AAT = increase in torque applied to box after buck- 

ling of shear web at T = 239,000 inch- I h 
pounds I 

AAFt = 0.0158 AAT pound 

AAF1, = 0.0351 AAT pound 

AApl t = 0.0112 AAT pound 

AAp,h = -0.0047 AAT pound 

AAP2t = 0.0033 AAT pound 

AAP,h F -0.0014 A.AT pound 

1c.P AA 8, = 0,00339 AAT radian per inch 

10' AA E12 = 0.00309 AAT sadian per inch 



* 
NACA IEN No, 983 20 .- 

. 
Again, no value was determined for the twist in the end 

bays because a full diagonal tension field could not be de- 
velopod there. 

A comparison of the theoretical twist according to 
reference 3 and according to equ.atioas (41) and (52) and 
the measured $wist is given in figure 7. The difference 
between theoretical and measured twis$ is loss than about 
0.00006 radian per inch for torques less than the torque of 
270,000 inc&pounds at which yieldilng starts. This is com- 
parable with the difference in measured twist at two posi- 
tions on the same section of the box, . 

The &oaring stress in.the cover sheet between bulkheads 
1 and 2 is given by (see p. 22 of reference 3) r 

7 = ‘t(Ft + P,t) = ~o(0,02080+ 0,01582)T= b,0586T (53) 
XY At . 

before buckling of the cover sheet Lt T = 58,000 inch-pounds, 
After buckling of the cover sheet 

4TXY 
2 063X 2.38 

=&ii% (Aa, + APIt )=-L-v--- (0,0128+ 0.0125)AT A. 
At 1.290 

= 0.0964 AT (54) 
. 

until buckling of the shear web at T = 239,000 inch-pounds, 
After buckling of the shear web 

AArxy . =%A (AAFt+AAPLt) = 2-o;3;g;'38 (0.015'$+ 0.0112)AAT 
. 

. = 0.103 AAT * (55) 

. The theoretical value of maximum principal stress c in the 
cover sheet was determined from equation (4) using equations 
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. 
(531, (541, and (55) with Tcr = 3790 psi and B theoretical 
intermediate value of a = 40.48' after buckling as determinod 
in connection with equation (40). The principal stresses hro 
plotted in figure l3 for comparison with the measured maximum 
and minimum principal stresses. The comparison shows that 
equation (4) based on Uagner 1s tension field theory is con- 
servative. For the maximum stress, the theory gave stresses 
as much as 7000 psi higher than the measured stresses, 

The shearing stress in the shear web between bulkheads 
2 and 3 is given on page 20 of reference 3 as 

before buckling of the shear web at T = 58,000 inch-pounds. 
Between 58,000 and 239,000 inch-pounds the increase in shear 
is given by equation (45). After buckling of the shear web 
at T= 239,000 inch-pounds the further increase in the shear 
stress is 

t 

AA 7xy = sh ( AArh + bAP,h f AL\P,h) 
h 

= 2.6 (0,0351- 0,0047- 0.0014)AAT 7 0,lOOAAT (57) 
0.75 

The theoretical value of maximum principal stress Q 
in the shear web was determined from equation (4) using 
equations (56) a = $5)' (57)s and (42) and a theoretical ~~o~in~~ 
value of after buckling of,.tha shear web correspond- 
ing to the nedfan value of K 
pal stresses are plotted in f 2 

in equation (51). The prlnci- 
gure 15 for comparison with the 

measured stresses, In this case, as in the case of the cover 
sheet, the maximum tensile stress computed from the diagoncl 
tension theory as presented in this paper was up to 7000 psi 
greater than the measured stress, 

It appears,therefore, that the diagonal tension theory 
gives values for the maximum stress, soon after buckling that 
are on the conservative side by a considerable margin, 

NO attempt was made to check the experimentally detor- 
mined strains in the bulkheads (see fige. 8, 9, 10, and 11) 
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against computed values since the strain distribution in a 
bulkhead having flanged circular holes is as yet unknown even 
for simple stress distributions on the edges. Likewisa no 
attempt was made to check the experimentally determined 
strains in the reinforcements (see fig..16) since these 
strains are all relatively small for torsion. 

The shear load carried by the rivets attaching the anti- 
rolls to the corner post (see fig, 20) was estimated by as- 
suming that the antiroll and bulkhead divfde the diagonal 
tension load on the corner post in proportion to their res- 
pective effective ar8as. The antiroll has an area of 0.132 
inch square, while that part of the bulkhead out to the clr- 
cular hole together with its reinforcing stiffener has an 
area of 0,292 inch square. On this basis the antiroll takes 

'31.1 percent .of the load. The shear load on the rivets is 
therefore 

Rfvet load = 0,311 cytttdt (58) 

where the subscript t denotes the cover sheet, From equa- 
tfons (6) and (36): 

Rivet load = 0.311 (0.026) (19) (Txy tan a - Tcr)t 

= 0.154 (Txy tan a - Tcrlt (59) 

The shear stress between bulkheads 2 and 3 was computed from 
equations analogous to equations (53) to (55) for the shear 
stress between' bulkheads 1 and 2. 
taken as 40.48' 

The angle. a was again 
and the critical shear stress taken as 

. 

7cr = 3790 psi. The computation leads to a shear load on 
the rivets equal to zero just before buckling of the cover 
sheet and a shear load equal to 2630 pounds just before buck- 
ling of the shear web at T = 239,000 inch-pounds. This rivet 
load corresponds to a nominal shear stress on the two l/&inch 
rivets of 107,000 psi, Even after making allowance for the 
roughness of the estimate it fs not surprfsfng that these 
rivets were found sheared in two as shown in figure 20, 

. National Bureau of Standards, 
W-hingtGn, D, C,, July 3, 1944, 
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TAEJJJ I.- l.5KHUICAL PEO=IES OF MAl'EBIBI, 

Yield atren&th 
(psi> 

(offset= 0.2 percents 

TC3U3iOe Oompression 

corml! SJlglo 10.4x 106 

Stdngor 2 10.4 

Stringor I. 10.4 

0.075~inch 
shear web 10.5 

0.026inch 
top alla 
bottcun 
platinff 10.5 

I 
10.8x 106 48,000 

10.8 48,300 

10.8 4s,7m 

10.7 53,700 

10.8 57wJ 

----- - 

42,000 61,6~o 

Qwoo 63,110 

QW%O 63,100 

44,m 70,020 

i 

Qongatlon 
in 

2 inches 
(porcont ) 

--- 

21 

25 

25 

20 

18 
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Figure l.- Figure l.- Details of monocoque box specimen. Details of monocoque box specimen. 
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Figure 3.- End view of monocoque bux (end plate removed). 
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Figure 4.- Fixed end'of the monocoque box specimen at a load 
of 220.000 lb - in. 
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Figure 5.- Pivoted end of the monocoque box specimen at a 
load of 220,000 lb - in. 
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Figure 6.- Apparatus for measuring change in resistance of 
wire strain gages and view of cover plate of box showing 
shear wrinkles at 220,000 lb - in. 
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Figure 7.- Average twist between bulkheads. 
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Figure 8.- Extreme fiber strain in corner of bulkhead 1. 
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. Figure 9.. Extreme fiber otrain at top center of bulkhead 1. 
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Figure lO.- Median fiber strain in bulkhead i. 
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. Figure ll.-' Extreme fdber strain in corner of bulkhead 6. 
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Figure la.- Straine at center of top sheet between bulkheads I! 
and 2 and between atringers 3 and 4 (counting IrW 

eaet corner I . 
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Figure 13.- Yaximum and minimum principal stresses at the 
median plane of the.top cover sheet between 

bulkheads 1 and i3. 
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Figure 14.- Strains at center of east Bhear web between 
bulkhead i3 and shear web stiffener. 
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Figure lfi.- Maximum and minimum principal stresses at the median 
plane of the east shear web between bulkheads 2 and 3. 
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Plgure 18,- Strrlns at point8 4 in eouth of bulkherd. 1 md 10 In 
north of bulkhead 2 on top and bottom middle etring- 

@SO ud ot point8 10 in north of bulkhead 2 on all four oorner 
$Q8t8, 
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Figure 17.- Buckles in the east shear web of the monocoque 
box at failure. 
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Figure 18.- Buckles in top cover sheet at failure, 
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Figure 19.- Failure of a rivet at A on bulkhead three and 
tearing of the top cover sheet at B on bulkhead two. 
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Figur e 20.- Failure of rivets joining antiroll to corner po 1st. 

BUMhead / 
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Figure 21.- Bulkhead one after failure. 

Figure 22.- Bulkhead four after failure showing permanent 
buckle near A. 
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Bigure 23.- Stresees at the midthickness for W.agonaJ tension”. 


